Brucella melitensis possesses an operon with two components: the response regulator OtpR and a putative cAMP-dependent protein kinase regulatory subunit encoded by the BMEI0067 gene. In the previous study, the function of OtpR has been studied, while little is known about the function of the BMEI0067 gene. Using a bioinformatics approach, we showed that the BMEI0067 gene encodes an additional putative cAMP-binding protein, which we refer to as CbpB. Structural modeling predicted that CbpB has a cAMPbinding protein (CAP) domain and is structurally similar to eukaryotic protein kinase A regulatory subunits. Here, we report the characterization of CbpB, a cAMP-binding protein in Brucella melitensis, showed to be involved in mouse persistent infections. ΔcbpB::km possessed cell elongation, bubble-like protrusions on cell surface and its resistance to environmental stresses (temperature, osmotic stress and detergent). Interestingly, comparative real-time qPCR assays, the cbpB mutation resulted in significantly different expression of aqpX and several penicillin-binding proteins and cell division proteins in Brucella. Combined, these results demonstrated characterization of CbpB in B. melitensis and its key role for intracellular multiplication.
Introduction
Brucella melitensis is responsible for brucellosis in domestic animals and Malta fever in humans (Boschiroli et al., 2001) . The pathogenicity of Brucella is due to its ability to adapt to the various environmental conditions encountered in its intracellular replicative niche, including low levels of oxygen, acidic pH, and reactive oxygen intermediates (Robertson & Roop, 1999) .
Cyclic AMP (cAMP) is a conserved second messenger molecule that has critical roles in signal transduction in many organisms, ranging from microbial pathogens to eukaryotic cells (Botsford & Harman, 1992; McDonough & Rodriguez, 2012) . Previous studies have demonstrated that the cAMP levels of host cells were involved in Brucella intracellular survival (Erdogan et al., 2007 (Erdogan et al., , 2008 .
Bacterial cAMP receptor protein (CRP) contains an N-terminal cAMP-binding proteins (CAPs) domain and a C-terminal helix-turn-helix (HTH) DNA-binding domain (Kolb et al., 1993) . Binding of cAMP to the CAP domain typically induces a conformational change that allows them to bind to specific DNA sequences at the promoters of their target genes (McDonough & Rodriguez, 2012) . However, some CAPs do not have a DNA-binding domain and only a cAMP-binding domain. In bacteria, CAPs play a central role in cAMP signaling (Kolb et al., 1993; Altarejos & Montminy, 2011) . CAPs have been described in bacteria: CbpB of Myxococcus xanthus, which contains two cAMP-binding domains, is involved in resistance to temperature and osmotic stress (Kimura et al., 2005 (Kimura et al., , 2009 ). In P. aeruginosa PAO1, CbpA, which is localized on the flagellated old cell pole, is composed of a C-terminal CAP domain and an N-terminal degenerate CAP domain and is tightly regulated by Vfr (Endoh & Engel, 2009 ). Mlok1 of Mesorhizobium loti containing six transmembrane domains (S1-S6), a 'GYG' signature sequence for K + selectivity and a conserved nucleotidebinding protein domains, is a prokaryotic cyclic nucleotide-sensitive K + -channel which is regulated by cyclic nucleotides and its nucleotide-binding domains rearrange to regulate the potassium channel (Schunke et al., 2009; Mari et al., 2011) . These observations suggest that CAPs are involved in multiple processes in bacteria.
The operon containing otpR and BMEI0067 has been predicted to exist in many bacterial species, such as B. melitensis, Mycobacterium tuberculosis, Agrobacterium tumefaciens, Mesorhizobium loti, Sinorhizobium meliloti, and Leptospira interrogans serovar lai (Zhang et al., 2009) . Previous studies of our laboratory have demonstrated the otpR gene was involved in bacterial growth, cell morphology, and tolerance to b-lactam agents in B. melitensis 16M (Liu et al., 2012) . The amino acid sequence of BMEI0067 was conserved in Brucella spp., such as BR_2005 and BAB1_2005 (99-100% amino acid identity). The protein encoded by gene BAB1_2005 translocation required B. abortus T4SS, identifying that its delivery to the host cell was medicated by VirB system (Marchesini et al., 2011) . Here, we constructed a mutant of the BMEI0067 gene as well as its complementation strains to investigate the role of the BMEI0067 gene in Brucella melitensis. Using a bioinformatics approach, we showed that the BMEI0067 gene encodes an additional putative cAMP-binding protein in B. melitensis 16M, which we refer to as CbpB. Structural modeling demonstrated that CbpB has only a C-terminal functional CAP domain. We show that CbpB is involved in mouse infections and resistance to stresses (i.e. osmotic stress, high temperature, and detergent). Electron microscopy revealed ΔcbpB::km possessed an increased cell size and the presence of blebs from the Brucella outer membrane after low-osmotic stress. In addition, B. melitensis CbpB affects the expression of Brucella aquaporin and several penicillin-binding proteins and cell division proteins, which indicates that CbpB seems to be a relevant factor for Brucella physiology.
Materials and methods
Bacterial strains, media, and culture conditions Escherichia coli cultures were grown on Luria-Bertani (Oxoid) plates overnight at 37°C. Brucella Strains were cultured on tryptic soy agar (TSA, Bacto) or in tryptic soy broth (TSB) at 37°C on a rotary shaker. Antibiotics, when required, were added at the following concentrations: ampicillin, 100 mg L
À1
; kanamycin, 100 mg L
. All bacterial strains were frozen at À80°C in medium supplemented with 25% (vol/vol) glycerol ( To delete cbpB (BMEI0067), primers were designed to amplify sequences flanking the gene (Supporting Information, Table S1 ). The 5 0 fragment and 3 0 fragment were amplified in separate reactions, gel-purified, and used as templates for a second round of overlapping PCR, in which the forward primer of the 5 0 fragment and the reverse primer of the 3 0 fragment were used to engineer a product that represented ligation of the 5 0 and 3 0 fragments. The ends of this joined product were removed by restriction digestion at primer adapter sites. The final fragment was gel-purified and ligated into pBluescript II KS(+) (Stratagene). The kanamycin cassette was amplified with PCR from the pKD4 plasmid and inserted between the 5 0 and 3 0 fragments. The primers used for amplification contained compatible restriction sites located within the overlapping regions between the fragments ligated into pBluescript II KS(+). Marked deletion mutants of DcbpB::km were created in B. melitensis via allelic exchange, following electroporation of the pBluescript-4.2 plasmid into the 16M strain (Zhang et al., 2009) . Mutant genotypes were verified with PCR analysis to ensure that the gene of interest was knocked out. The pMR-cbpB or pBBR-cbpB plasmids containing the WU281F-WU282R fragment from DotpR (Liu et al., 2012) , and DotpR was used to generate the complementation strain for the DcbpB::km mutant. For construction of the mutant complementation strain, the recombined plasmid pMR-cbpB or pBBR-cbpB was transferred to DcbpB::km and then obtained complemented strains.
Smooth or rough phenotype of the mutant was determined by a co-agglutination assay with anti-B. melitensis serum obtained from the infected rabbits (Diaz et al., 1968) , acriflavine agglutination assay (Alton et al., 1975) , and crystal violet staining (Schurig et al., 1991) . Brucella melitensis 16M (smooth), and RB51 (rough) were used as controls.
Persistence of B. melitensis mutants in macrophages and BALB/c mice
Survival or persistence of B. melitensis mutants was evaluated following intraperitoneal inoculation of 4-to 6-week-old female BALB/c mice with 10 5 CFU per mouse of B. melitensis 16M or ΔcbpB::km. Four mice were sacrificed at 2, 4, 8, and 12 weeks postinoculation, and the Brucella CFU per spleen were determined as described (Zhang et al., 2009) . Our experimental research involving animals was approved by the Beijing Administration Office of Laboratory Animals, an ethics committee in China.
To investigate intracellular survival of the pathogen, we evaluated the multiplication of 16M and its derived mutants in RAW264.7 murine macrophages. This assay was performed as described (Pei et al., 2006) .
Stress assays
Stress response assays were tested as described (Zhang et al., 2009) . Oxidation resistance assays were performed according to previously described protocols with some modifications (Mirabella et al., 2013) . Cells (initial density of 1 9 10 6 CFU mL
À1
) were grown in TSB at 37°C (control), 42°C and then the TSB was supplemented with 1/3 TSB [TSB diluted 1 : 3 (vol/vol) with sterile water] for the hypo-osmotic condition (Hernandez-Castro et al., 2003) . CFUs were determined after incubation for 0, 24, 48, and 72 h with shaking. Strains were grown to a CFU of 1 9 10 5 and then exposed 100 lg mL À1 sodium dodecyl sulfate (SDS; Sigma), respectively, for 2 h. CFU mL À1 values were determined immediately prior to chemical addition and after 2 h of exposure. For all stress exposures, the mutant strain, 16M strain, and the complementary strain were analyzed in parallel.
Electron microscopy
The WT and the mutants were grown in 5 mL TSB to the stationary phase at 37°C, and then cells were pelleted at 5000 g for 20 min. One third of the resulting pellet from each strain was used to inoculate 20 mL TSB, and the other parts were used to inoculate 20 mL 1/3 TSB, respectively. The cultures were incubated overnight at 37°C with vigorous shaking. The samples were then processed for thin-section electron microscopy as described (Banai et al., 2002) . Observations were carried out with a JEM-123O transmission electron microscope.
Determination of gene expression by real-time quantitative PCR
Total RNA samples were prepared as previously described (Liu et al., 2012) for B. melitensis 16M, the ΔcbpB::km mutant, and the complemented CcbpB or CBBRcbpB. The resulting cDNA samples were used as the template in real-time qPCR. Primers were designed using PRIMER 5.0 software (Applied Biosystems) to generate PCR products ranging from 100 to 250 bp and are listed in Table S1 (stress-related genes) and previously described (pbp genes and cell division genes; Liu et al., 2012) . Reactions per-formed without reverse transcriptase were used as negative controls to test for DNA contamination. Real-time qPCRs were performed with SYBR green mix (Applied Biosystems) in 96-well optical reaction plates (Applied Biosystems). Ratios were calculated using the ΔΔC T method for each primer in an Applied Biosystems
Step One Plus real-time PCR instrument. The results for each target mRNA were normalized to 16S rRNA transcript levels and averaged.
Data analyses
Differences between the means of experimental and control groups were analyzed using SPSS 17.0. The unpaired t-test was performed to analyze the log CFU data in the macrophage study and the CFU data in stress tolerance study involving the 16M strain challenge. The CFU data from the splenic clearance study involving the 16M strain challenge were analyzed with an analysis of variance.
Results
Identification of putative cAMP-binding proteins in B. melitensis BLAST analysis of the B. melitensis 16M genome identified six genes that contain potential CAP domain sequence (Fig. 1a) . BMEI0067 encoded only a 153-amino acid protein CbpB composed of a conserved CAP region (amino acids 1-128; Fig. 1a ), which with a 35-bp intergenic region was located downstream from another gene that encodes the response regulator otpR (Fig. 1b) . CbpB contained a cAMP-binding domain in the C-terminal region and shared homology with bacterial putative cAMP-binding domains: It exhibited sequence similarity with the putative transcription regulator (Crp) of E. coli (27% identity; Khankal et al., 2009) ,and the cyclic AMPbinding protein CbpA of P. aeruginosa (26% identity; Endoh & Engel, 2009 ). The cAMP-binding domain of Brucella CbpB also has homology to that of the Mus musculus and Homo sapiens PKA regulatory subunit proteins (PRKAR1B; 24% identity; Clegg et al., 1988 ; Supporting  Information, Fig. S1 ). The amino acid sequence of Brucella BMEI0067 was conserved in Brucella spp., such as B. suis BR_2005 and B. abortus BAB1_2005 (99-100% amino acid identity). The amino acid residues that comprise the direct binding sites of cAMP were also highly conserved (Fig. S1) .
Construction of the ΔcbpB::km mutant and its complementary strain
To assess the function of CbpB, we constructed the marked cbpB-deleted mutant ΔcbpB::km (Fig. 1b) . The cbpB deletion mutant was obtained by inserting the kanamycin resistance cassette in place of the gene (Fig. 1b) . The strains and plasmids that were used in this work are described in Table S1 . Real-time qPCR revealed that otpR transcription in the ΔcbpB::km mutant was similar to that in the WT (data not shown), suggesting that transcription of otpR was not affected in the cbpB mutant. otpR and cbpB share a common promoter. Thus, to obtain the complementation strain for the ΔcbpB::km mutant, the promoter sequence and the coding sequence of cbpB were ligated together and then inserted into pMR10A and pBBR1MCS. Then, the recombinant vector pMRcbpB or pBBRcbpB was constructed and electroporated into the ΔcbpB::km mutant, and this complementation strain was referred to as CcbpB and CBBRcbpB. Next, we examined the phenotype of these strains in liquid medium. 16M and ΔcbpB::km mutant showed coagglutination with IgG against B. melitensis smooth LPS, absence of acriflavine agglutination, no absorbing crystal violet of the colonies, indicating that the mutant displays a smooth phenotype.
Replication of the mutants in BALB/c mice and professional phagocytes
The results in Fig. 2a appear to indicate that there is no significant difference in uptake at 1 h postinfection, suggesting that the defect has no effect on uptake.. For up to 72 h postinfection, cbpB was not necessary for efficient infection of the RAW264.7 macrophages (Fig. 2a) . The mutant strain was recovered in similar numbers as the WT at 1 and 4 weeks after inoculation, but significantly fewer mutant bacteria than the WT bacteria were recovered at 8 and 12 weeks (Fig. 2b) . These results showed that CbpB is involved in mouse persistent infections.
Inactivation of cbpB results in a loss of viability of B. melitensis during stress
The ΔcbpB::km mutant had a growth ratio similar to that of the WT in TSB medium (Fig. 3a) . At 42°C, in contrast to the wild-type strain, the growth ratio of DcbpB:: km was decreased by about 8.9-fold at 24 h and 9.0-fold at 48 h (Fig. 3b) . Additionally, the ΔcbpB::km strain displayed a significant growth defect when cultured in 1/3 TSB medium (Fig. 3c) .
The cbpB mutant displayed polymixin B sensitivity as resistant as those of the WT or the complement (Fig. 4a) .
After a 1-h exposure to various concentrations of H 2 O 2 , the survival rates of the ΔcbpB::km strain were no significant difference compared with the WT under the same conditions (Fig. 4b) . The cbpB mutant exhibited a decreased survival ratio as compared with the wild-type strain in survival assays with SDS (Fig. 4c) . The sensitivity of the mutant to this exogenous detergent was complemented in-trans with the plasmid pMRcbpB (Fig. 4c) .
CbpB is required for maintaining cell envelope integrity
To explore the effect of CbpB disruption on B. melitensis, cell envelope of the mutant was monitored with electron microscopy. The WT displayed the native coccobacillus shape of Brucella cells in TSB medium (Fig. 5a ). In contrast, the absence of CbpB led to cell elongation and morphological defects (Fig. 5b) . Next, we examined the phenotype of the DcbpB::km in 1/3 TSB. The ΔcbpB::km showed bubble-like protrusions on the cell surface ( Fig. 5d ), which were not present in the WT (Fig. 5c) . These results suggested that CbpB was likely to be involved in an intact cell envelope.
ΔcbpB::km cells showed a maximum length of 1.07 lm and an average length that was longer (0.98 AE 0.04 lm; n = 50) than the average length (0.75 AE 0.03 lm; n = 50) of the WT (Fig. 5e) , suggesting overgrowth and the absence of cell length restriction. The DcbpB::km strain, when grown in 1/3 TSB, also showed a markedly elongated cell size (1.17 AE 0.15 lm, n = 50) as compared with the WT (0.67 AE 0.07 lm, n = 50; Fig. 5e ).
Furthermore, real-time qPCR was used to determine the effects of the cbpB deletion on transcription of genes related to cell wall synthesis (Liu et al., 2012) , stressrelated and cell division (Liu et al., 2012) in TSB. The results revealed that transcription levels of minC, pbp-2, pbp-6B, and pbp-6C in cbpB mutant were up-regulated twofold, ninefold, 14-fold and 23-fold (Fig. 6a-c) . We found a nearly fivefold addition in aqpX (Hernandez-Castro et al., 2003) transcripts in ΔcbpB::km the mutant compared with the WT in TSB medium (Fig. 6c) . 
Discussion
In this study, we constructed a marked deletion mutant of cbpB to characterize this gene and assess its role in Brucella. Our study demonstrated that CbpB was important for mouse persistent infection, and the cbpB mutant had defects in cell envelope integrity and resistance to detergents. In addition, we showed that cbpB controlled the expression of Brucella aquaporin and several penicillin-binding proteins and cell division proteins, which indicates that cbpB seems to be a relevant factor for Brucella physiology. B. melitensis CbpB is a cAMP-binding protein cAMP-binding proteins (CAPs) that have been predicted to exist in many bacterial species, such as Brucella spp., Mycobacterium tuberculosis, Mesorhizobium loti, Escherichia coli, Myxococcus xanthus, and Pseudomonas aeruginosa. Myxococcu xanthus possesses a cAMP-binding protein, CbpB (Kimura et al., 2005) , which is a 405-amino acid protein with C-terminal tandem two CAP domains. CbpA of P. aeruginosa PA01 encodes a 265-amino acid protein with a C-terminal CAP domain (Endoh & Engel, 2009) . BAB1_2005 protein only has a C-terminal CAP domain in Brucella abortus (Marchesini et al., 2011; Fig. S1) . Amino acid residues of CbpB involved in direct binding of cAMP were highly conserved (Fig. S1 ). We identified CbpB as a cAMP-binding protein in B. melitensis.
In recent study, cAMP-binding protein MlotiK1 (25% identity of CbpB) of M. loti effected on K + channel (Mari et al., 2011) . As Brucella CbpB contains only a CAP domain and no a 'GYG' signature sequence of MlotiK1 (Schunke et al., 2009) , it may differ from MlotiK1 in its functions. In addition, the survival ratio of ΔcbpB::km in low-K + medium was not significantly different compared with the WT strain (Fig. S2) .
Mutation of the cbpB affects cell morphology
In previous studies, a series of cAMP-binding proteins with stress tolerance relation have been described, such as CbpB of M. xanthus (Kimura et al., 2005) and Crp of M. tuberculosis (Rickman et al., 2005) . In addition to the sensitivity to heat and osmotic stress, an increased susceptibility to detergent (SDS) was also observed with the 16MDcbpB::km strain.
Although Brucella cbpB gene shares a promoter with its upstream gene otpR (Fig. 1b) , the result of real-time PCR showed that deletion cbpB did not affect the expression of otpR. The DcbpB::km mutant successfully regained its parental characteristics in the stress experiments when pMRcbpB (with the cbpB locus) was introduced (Figs 3  and 4) . Our data clearly demonstrated that CbpB played an important role in the resistance of various stresses.
Unlike any CAP proteins reported before, deletion cbpB displayed the swelling of cell and cell elongation in TSB and blebbing of the cell surface in 1/3 TSB (Fig. 5) . The PBPs strongly influence the size, shape, and time of division of bacteria (Bandara et al., 2009) . PBP-2 of Caulobacter crescentus regulates cell elongation and diameter (Seitz & Brun, 1998) . In addition, the minC homologue, such as part of a conserved minB operon of Mesorhizobium loti (Kaneko et al., 2000) and E. coli MinC (Bisicchia et al., 2013) are cell division inhibitors, respectively, deletion of which was branched and larger than the wild-type control. Thus, we postulated that overproduction of PBP-2 and/or MinC would result in cell elongation in the DcbpB::km strain. Our qRT-PCR data suggested that the transcription of pbp-2 and minC in DcbpB::km was up-regulated c. ninefold and twofold (Fig. 6 ). These result demonstrated that CbpB was involved in the processes of PBPs production and cell division. Aquaporin plays a vital role in bacterial physiology, including regulation of cellular morphology and osmotic conditions (Delamarche et al., 1999) . Brucella abortus aqpX gene has been confirmed that the aquaporin from B. abortus was an efficient water channel (HernandezCastro et al., 2003) . As deletion CbpB producting blebbing of the cell surface in hypo-osmotic stress, we postulated this phenomenon might be caused by improper expression of aquaporin. In our study, the transcription of aqpX in DcbpB::km was up-regulated in TSB (Fig. 6c) . These results suggested that CbpB was required for maintaining aqpX water channels.
CbpB is required for a successful B. melitensis persistent infection in BALB/c mice Previous studies have demonstrated that Brucella type IV secretion system is essential to create an ER-derived organelle that supports Brucella replication inside host cells and for spleen colonization in experimentally infected mice (Celli et al., 2003) . The BAB1_2005 protein was identified as a virB substrate (Marchesini et al., 2011) . In order to assess the role of cbpB in B. melitensis virulence, the deletion of CbpB significantly affected bacterial replication in BALB/c mice at 8-12 weeks, and these results suggested cbpB might play an important role in interference the host immune system. In addition, limited stress growth, resistance to detergent and/or defect in cell envelope integrity may also affect B. melitensis survive within a host. Table S1 . Primers used in this work. Fig. S1 . Alignment of the CAP domains. Fig. S2 . Growth of B. melitensis cpK mutant in low K+. 
